Abstract. Optical fibers are being used more and more as chemical sensors or biosensors. Some of these devices are based on thin film plasmon excitation in which a metal coating is evaporated onto the core or end of an etched optical fiber. A new sensor configuration is presented for detecting liquid adsorbates with different indices of refraction. Instead of exciting surface plasmon waves on a thin film, localized surface plasma waves are excited on metal islands. The fiber is coated with three very thin layers of gold. Each layer is annealed before the next layer is evaporated onto it. This is done to avoid any light leakage, a problem discovered in a prior version with only one gold coating. Different sets of fibers were tested and sensitive and reproducible results for liquids with refraction indices varying from 1.563 to 1.683 were obtained.
Introduction and Background
Fiber optic sensors that function as biosensors have become common in the fields of biology, biomedical engineering, chemistry, and basic surface science. A good current and useful review article on fiber optic sensors and biosensors can be found in Ref. 1 . Unlike the case of the surface plasmon resonance configuration, [2] [3] [4] [5] in which a thin film of metal ͑silver, gold, or aluminum among the most common͒ is evaporated on the fiber end or fiber core, the sensor discussed here consists of gold islands deposited on the side of the etched fiber core. Whereas the resolution is poorer in this case, the range of application as well as the dynamic range of sensing are quite advantageous. We previously presented [6] [7] a fiber optic sensor in which the sensing device was a thin layer of gold ͑under 5 nm͒ evaporated and annealed onto an optical fiber whose cladding was partially etched away. This device showed interesting results, however an important loss in the output signal occurred when the medium to be sensed had a refraction index higher than that of the fiber core itself. This occurs mainly due to voids existing between gold islands ͑see Fig. 1͒ .
A method was developed to overcome this problem. 7 A thin layer of MgF 2 with an index of refraction lower than the fiber core was evaporated on the top of the gold island film. The device was then able to sense environmental media with indices of refraction varying from 1 to 1.7. To avoid the cumbersome step of adding another dielectric layer, a different fiber version with the gold coating deposited on the end of the fiber was tested. 8 This new configuration presented two main advantages: no etching procedure is needed and no extra dielectric coating is required. Unfortunately, the need for the solution to flow over the end of the fiber inside a glass chamber was too complicated for such a device to be useful in a harsh context environment. This led us to develop another configuration which is herein presented. This time, as in our first sensor, the sensing part is on the side of the fiber core, but instead of being coated with one gold layer, the fiber is coated with three different layers that are successively annealed. The theory for surface plasmon resonance on metal particles is well described in previous papers, [9] [10] [11] [12] [13] so that only the experimental set up and the results of the transmission spectra of this new fiber sensor configuration are presented.
Materials and Methods
The optical fiber used in our experiments ͑Thorlabs Inc. 1850/1250/1000 m FG-1.0-U.A.T., NAϭ0.16͒ have a silica core and a doped silica cladding, protected by a plastic buffer coating. A 10-cm length of fiber was cut and the plastic buffer was removed with a sharp razor blade. The buffer was totally removed because the gold particles are annealed at temperatures higher than the buffer's melting point. To remove the cladding, 1.2 cm of the unbuffered fiber was then etched for two hours in HF.
Afterward, both ends of the fiber were polished. The fiber was then carefully cleaned in solvent steps of microcleaning solution, hot distilled water, acetone, ethanol, and isopropanol. For each solvent except for the hot water, the *Work performed while Mr. Lauret was a summer student at ORNL. The fibers were then mounted in an electron-beam evaporator system in an arrangement so that the flux of the evaporated metal was perpendicular to the axis of the fiber and a 4-nm gold film was then evaporated onto the fiber core.
The evaporation of the gold at a rate of approximately 0.4 nm/s was done when the pressure reached 7ϫ10
Ϫ6
Torr. The deposition process was monitored using a quartzcrystal thickness monitor. The evaporation was done for 10 s leading to a thickness of 4 nm. Afterward, the fibers were annealed at different temperatures to change the shape of the gold islands.
14 Different experimental studies have shown a Gaussian distribution of the gold islands for different annealing temperatures. 15 As an example, the Gaussian distribution is centered around 50 nm for the major axis length of the spheroid for a room annealing temperature, whereas the Gaussian moves to 150 nm for an annealing temperature of 800°C. These distributions in shape explain the broad absorption peak at the resonance frequency. 16 Both the deposition and the annealing steps were successively done three times. Each time the deposition rate as well as the deposition time were held the same. As can be seen in Fig. 2 , the voids between the islands are filled with gold islands after the third evaporation.
The light from a high-pressure xenon ͑Xe͒ arc lamp was focused into the entrance slit of a monochromator. At the exit slit of the monochromator, a microscope objective was used to focus the exiting light into the prepositioned entrance end of the fiber sample. A silicon photodiode with a connector attached to its mounting bracket was used to measure the intensity of the light exiting the optical fiber. The monochromator was scanned over the spectral range of 400 to 900 nm with an increment of 1 nm. During the experiment, the voltage readings from the photodiode were displayed as well as recorded and stored in a text file on a computer. A set of liquids with different real refractive indices 17 were used as the medium to be sensed. The various liquids have a well-characterized refractive index varying from 1.563 to 1.683. Each liquid was deposited onto the fiber side, resulting in a complete immersion of the sensitive area of the optical fiber. The experimental set up is presented in Ref. 7.
Results and Discussion
A reference fiber was prepared in the same way as the sample fiber, but without any gold evaporation on it. The intensity I o of the light transmitted through the reference fiber is determined. The light transmitted through the sample is I t . The experimental transmission is then defined to be:
Unlike the case of a thin film that has negligible absorption in the air, or for one layer of gold that has an absorption peak around 535 nm in the air, 2 the absorption in the air for a sandwich of three gold layers of 4-nm each annealed for 4 min at 600°C occurs around 585 nm. Thus, unlike thin film sensors, the reference signal is taken from a bare fiber instead of a gold coated fiber that exhibits a resonance in the air. Figure 3 shows the transmission curve for two distinct fibers surrounded by the air (nϭ1). On this figure, one can see the repeatability of the results. As expected and displayed in Fig. 4 , whenever a fiber is immersed in a liquid, a depolarization effect occurs and the resonance peak is shifted toward a lower energy ͑longer wavelengths͒.
To test the reproducibility of the results, a set of six fibers was prepared. All the fibers were treated simulta- neously through the preparation stages: etching, evaporation, and annealing. For all these fibers, an absorption peak in the air centered on 585 nm was found; when covered with a liquid with nϭ1.644, the absorption peak was moved to 690 nm with a slight variation of 5 nm being noted among the fibers.
For sensitivity measurement purposes, another set of fibers was made. For each tested liquid six fibers were used to investigate the possibility of a slight shift in the resonance location. Figure 4 displays the peak resonance shift ͑peak position when embedded in a liquid-to-peak position when surrounded by air͒ versus the index of refraction and shows the sensitivity of the device. The sensitivity with three layers was found to be twice the sensitivity obtained with one gold layer on the fiber side. 8 
Conclusion
A new fiber optic sensor configuration for measuring the optical index of adsorbates based on gold island plasmon excitation phenomena is presented. The dynamic range of the fiber optic sensor for index measurements is shown to be broad. We investigated a range between 1 and 1.683 in the index of refraction range. Unlike the case of a thinmetal-film configuration, our range ͑index of refraction sensitivity͒ is large but the resolution in terms of variation of the refraction index is poorer. Nonetheless, our new sensor made of three layers of gold looks promising for sensing a variety of chemical components in the fields of industrial, biochemical, environmental, and high temperature monitoring ͑below 900°C͒. Further theoretical developments to model the system are currently being carried out. As a final note, the sensitivity could be substantially improved if a method of depositing uniformly shaped particles at high density could be employed. 18 The shape distribution of particles in annealed metal island films broadens the absorption peak considerably and thus limits the accuracy of measurement of the peak.
